Introduction {#s1}
============

ATP-gated P2X receptors are involved in a variety of physiological processes such as fast synaptic transmission, contraction of smooth muscle, regulation of neurotransmitter release, inflammation, and pain sensation (Surprenant and North, [@B58]; Burnstock, [@B11]; Khakh and North, [@B38]). They are also implicated in neurodegenerative and neuropsychiatric disorders (Burnstock, [@B10], [@B11]; Lemoine et al., [@B40]) and are thus considered as important therapeutic targets.

P2X receptors belong to the super family of ligand-gated ion channels (LGICs), but they differ significantly from the other LGIC members -the Cys-loop and ionotropic glutamate receptors- by their molecular architecture and stoichiometry (Lemoine et al., [@B40]). They are trimeric channels permeable to cations with the exception of P2X5 receptor which is also permeable to chloride ions (Ruppelt et al., [@B54]; Bo et al., [@B5]; Kaczmarek-Hajek et al., [@B36]). In mammals, seven members (P2X1--7) have been cloned that arrange in homotrimeric or heterotrimeric P2X receptors and they are all characterized by an extracellular loop domain (ectodomain) and two transmembrane segments (TM1 and TM2) which are terminated by intracellular N- and C-termini (Coddou et al., [@B13]; Kaczmarek-Hajek et al., [@B36]; Lemoine et al., [@B40]).

Following ATP binding in the ectodomain which is about 280 amino acids long, a fast and large conformational change occurs throughout the receptor that results in pore opening (Evans, [@B21]; Jiang et al., [@B33]). Many different strategies such as site-directed mutagenesis, electrophysiological recordings, fluorescence-based approaches, and X-ray crystallography have contributed to the understanding of the mechanism by which ATP-binding is coupled to gating. An initial approach was to compare the binding site of P2X receptors with other ATP-binding proteins but it rapidly became evident that there is a lack of sequence homology between P2X receptors and these proteins; for instance, P2X receptors do not contain the Walker motif, which characterizes other ATP-binding proteins (Walker et al., [@B59]). However, the role of the conserved amino acids of the extracellular loop has been systematically investigated using site-directed mutagenesis. This method has led to the identification of short domains and specific residues such as lysine, arginine, and phenylalanine putatively involved in ATP recognition. But to clearly distinguish the participation of these residues in the recognition of ATP from the channel gating, which can also lead to loss of function, complementary methods have been developed. In this context, cysteine-reactive chemicals as well as photosensitive or cysteine-reactive ATP derivatives have been used to explore the putative residues involved in ATP recognition. Altogether, these investigations have yielded substantial information for the modeling of the interaction between ATP and its specific binding site.

The recent determination of X-ray structure of the zebrafish (zf) P2X4 receptor in a closed state and in an ATP-bound open-channel state confirmed many key experimental data, including the mechanism of ATP binding (Figure [1](#F1){ref-type="fig"}). It is now possible to understand at an unprecedented level of precision the mechanism by which ATP is selectively recognized. Indeed, as detailed later, the ATP-bound open-channel structure revealed that the ATP triphosphate tail is coordinated by the residues K70, K72, K316, N296, and R298 (zfP2X4 numbering), while K193 residue indirectly interacts with the α-phosphate group. The residues T189, L191, and I232 are responsible for the coordination of the adenine moiety of ATP whereas L217 is involved in the recognition of the ribose ring of ATP. Therefore, both positively charged and hydrophobic amino acid residues that belong to different structural domains of the receptor surround bound ATP molecule. Because the overall structure of each receptor subunit resembles a "leaping dolphin," these domains were named upper body from chain A, and lower body and dorsal fin from chain B (Figure [1B](#F1){ref-type="fig"}). Decoding the mechanism of this exquisite specificity will certainly be useful to designing new drugs for these receptors recognized as therapeutic targets.

![**Crystal structure of zfP2X4 receptor bound to ATP. (A)** Lateral view of the trimeric structure. Each subunit, displayed in both surface and ribbon representation, is shown in a different color. Only one bound ATP molecule is shown. **(B)** Close-up view of the ATP-binding site. The oxygen atom from the solvent molecule (glycerol) is shown in sphere representation. Black dashed lines indicate hydrogen bonding. (Modified from Hattori and Gouaux, [@B27]).](fncel-07-00273-g0001){#F1}

In this review, we present different experimental approaches that have been used to explore the ATP-binding site in P2X receptors and discuss the results in the light of the recent ATP-bound crystal structure.

Mutagenesis-based analysis of ATP binding site: a comparison with the crystal structure of the ATP-bound zfP2X4 receptor
========================================================================================================================

Considering the lack of sequence homology between P2X receptors and other ATP binding proteins, the analysis of the binding site has been performed mainly with the help of systematic site-directed mutagenesis combined with electrophysiological characterization to explore the role of conserved residues in the binding site of ATP in P2X receptors (Evans, [@B21]). In this long quest, site-directed mutagenesis of conserved ectodomain residues has been one of the most employed approaches. ATP-induced responses have been mostly assessed for P2X receptors composed of mutated subunits heterologously expressed in either HEK 293 cells with the patch-clamp technique or *Xenopus laevis* oocytes with the use of two-electrode voltage-clamp recordings (Fischer et al., [@B23]; Evans, [@B21], [@B22]). A role of the amino acids in the binding of ATP has been evaluated by the alteration of ATP potency, a combined measure between affinity and gating (Roberts and Evans, [@B49]).

Role of positively and negatively charged residues
--------------------------------------------------

It was initially suggested that highly conserved positively charged residues of the extracellular loop of P2X receptors could participate to the binding of negatively charged ATP through coordination of the phosphate groups as found for lysine residues in the Walker motif of other ATP-binding proteins (Ennion et al., [@B18]). Positively charged residues of human (h) P2X1 and rat (r) P2X2 receptors were mainly substituted for alanine to neutralize the positive charges whereas substitution with arginine allowed the conservation of the positive charge for comparison (see Table [1](#T1){ref-type="table"}). Pioneering studies identified positively charged amino acids such as lysine residues in hP2X1 and rP2X2 receptors, corresponding to residues K70, K72, K193, and K316 in zfP2X4 receptor, as crucial residues for the binding of ATP (Ennion et al., [@B18]; Jiang et al., [@B30]). As initially shown by Digby et al. ([@B15]), the KxKG sequence including the two amino acids K70 and K72 (zfP2X4 numbering), which is a highly conserved motif of P2X receptors, plays a major role in ATP recognition; these findings were confirmed in hP2X1, hP2X2, and hP2X3 receptors (Fischer et al., [@B23]; Roberts et al., [@B48]; Allsopp et al., [@B2]; Bodnar et al., [@B6]) as well as in rP2X1, rP2X2, rP2X3, heteromeric rP2X2/3, rP2X4, and rP2X7 receptors (Wilkinson et al., [@B60]; Yan et al., [@B65]; Zemkova et al., [@B67]; Roberts et al., [@B48]; Jiang et al., [@B31]). The participation of residues K193 and K316 (zfP2X4 numbering) to agonist recognition has also been described in hP2X1, hP2X2, hP2X3, and hP2X7 receptors (Worthington et al., [@B62]; Roberts and Evans, [@B52]; Roberts et al., [@B48], [@B53]; Bodnar et al., [@B6]), as well as in rP2X2, rP2X2/3 and rP2X4 receptors (Yan et al., [@B66]; Wilkinson et al., [@B60]; Yan et al., [@B65]; Zemkova et al., [@B67]; Roberts et al., [@B48]; Jiang et al., [@B31]). It is noteworthy that lysine residues appear to also have a highly conserved role in non-mammalian P2X receptors since the two mutations K67A and K289A (at positions equivalent to K72 and K316 of zfP2X4, respectively) significantly decreased the ATP potency of the amoeba *Dictyostelium discoideum* P2X receptor (Fountain et al., [@B26]).

###### 

**Effects of mutations on ATP-induced activation of P2X receptors**.

  **Receptor**   **Type of residues**                                               **Mutations**                                                                                                   **Corresponding residues in zfP2X4 receptor**                                                                                                                          **Effect (fold decrease in ATP potency)**     **References**
  -------------- ------------------------------------------------------------------ --------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------- ----------------------------
  hP2X1          Positively charged residues                                        K190A                                                                                                           **[K193]{.ul}**                                                                                                                                                        5-fold                                        Ennion et al., [@B18]
                                                                                    K70A and K70R                                                                                                   **[K72]{.ul}**                                                                                                                                                         5-fold and 18-fold, respectively              
                                                                                    R292K and R292A                                                                                                 **[R298]{.ul}**                                                                                                                                                        90--120-fold                                  
                                                                                    K309R and K309A                                                                                                 **[K316]{.ul}**                                                                                                                                                        25-fold and 1400-fold, respectively           
                                                                                    K68A                                                                                                            **[K70]{.ul}**                                                                                                                                                         \>1800-fold                                   
                                                                                    K68R                                                                                                            **[K70]{.ul}**                                                                                                                                                         Non-functional                                
                 Polar residues                                                     T186A                                                                                                           **[T189]{.ul}**                                                                                                                                                        6-fold                                        Roberts and Evans, [@B51]
                                                                                    N290A                                                                                                           **[N296]{.ul}**                                                                                                                                                        60-fold                                       
                 Aromatic residues                                                  F185A                                                                                                           **F188**                                                                                                                                                               10-fold                                       Roberts and Evans, [@B49]
                                                                                    F291A                                                                                                           **F297**                                                                                                                                                               160-fold                                      
                 Glycine residues                                                   G71A                                                                                                            **G73**                                                                                                                                                                6-fold                                        Digby et al., [@B15]
                                                                                    G96A                                                                                                            E98                                                                                                                                                                    Non-functional                                
                                                                                    G250A (plus G250P, G250C, G250D, G250F, G250I, G250K, and G250N but not G250S) G301A (but not G301P or G301C)   **G253**                                                                                                                                                                                                             
                                                                                    **D307**                                                                                                                                                                                                                                                                                                                             
                 Proline residues                                                   P272A (but not P272F, P272G, or P272I)                                                                          **P275**                                                                                                                                                               Non-functional                                Roberts and Evans, [@B50]
                 Cysteine residues                                                  C217A                                                                                                           **C220**                                                                                                                                                               8-fold                                        Ennion and Evans, [@B19]
                                                                                    C227A                                                                                                           **C230**                                                                                                                                                               45-fold                                       
                 E181 to V200 segment                                               K190C                                                                                                           **[K193]{.ul}**                                                                                                                                                        5-fold                                        Roberts et al., [@B53]
                                                                                    F188C                                                                                                           [L191]{.ul}                                                                                                                                                            7.5-fold                                      
                                                                                    T186C                                                                                                           **[T189]{.ul}**                                                                                                                                                        8-fold                                        
                 S286 to I329 segment                                               G288C, F297C, F311C                                                                                             G294, Y303, Y318                                                                                                                                                       5--10-fold                                    Roberts and Evans, [@B52]
                                                                                    R292C                                                                                                           **[R298]{.ul}**                                                                                                                                                        17-fold                                       
                                                                                    F291C                                                                                                           **F297**                                                                                                                                                               50-fold                                       
                                                                                    N290C                                                                                                           **[N296]{.ul}**                                                                                                                                                        71-fold                                       
                                                                                    K309C                                                                                                           **[K316]{.ul}**                                                                                                                                                        195-fold                                      
                 E52 to G96 segment                                                 K70C                                                                                                            **[K72]{.ul}**                                                                                                                                                         10-fold                                       Allsopp et al., [@B2]
                                                                                    F92C                                                                                                            I94                                                                                                                                                                    100-fold                                      
                                                                                    K68C                                                                                                            **[K70]{.ul}**                                                                                                                                                         \>3000-fold                                   
  rP2X1          Residue in the first intercysteine region (segment A118 to I125)   E122C                                                                                                           Not aligned                                                                                                                                                            10-fold                                       Lorinczi et al., [@B42]
                 Positively charged residues                                        K68A                                                                                                            **[K70]{.ul}**                                                                                                                                                         Non-functional                                Wilkinson et al., [@B60]
  hP2X2                                                                             F183C, T184C, F289C                                                                                             **F188, [T189]{.ul}**, F297                                                                                                                                            4--10-fold                                    Roberts et al., [@B48]
                                                                                    N288C, R290C, [K307C]{.ul}                                                                                      **[N296]{.ul}**, [R298]{.ul}, [K316]{.ul}                                                                                                                              Major decrease in ATP potency                 
                                                                                    K69C, K71C                                                                                                      **[K70]{.ul}**, **[K72]{.ul}**                                                                                                                                         Non-functional                                
  rP2X2          Positively and negatively charged residues; polar residues         D259A, K71A, Q108A, T184A, K188A, N288A, R290A, R304A                                                           D265                                                                                                                                                                   Major decrease in ATP potency                 Jiang et al., [@B30]
                                                                                    **[K72]{.ul}**, **Q114**, **[T189]{.ul}**, **[K193]{.ul}**, **[N296]{.ul}**, **[R298]{.ul}** **R312**                                                                                                                                                                                                                                
                                                                                    K69A, K308A                                                                                                     **[K70]{.ul}**, **[K316]{.ul}**                                                                                                                                        Non-functional                                
                 Glycine residues                                                   G247A                                                                                                           **G253**                                                                                                                                                               Non-functional                                Nakazawa and Ohno, [@B46]
                                                                                    G248V (but not G248A)                                                                                           **G254**                                                                                                                                                                                                             
                 Cysteine residues                                                  C113A, C124A, C130A, C147A, C158A, C164A, C214A                                                                 **C119, C129, C135, C152, C162, C168, C220**                                                                                                                           9--30-fold Non-functional                     Clyne et al., [@B12]
                                                                                    C224A                                                                                                           **C230**                                                                                                                                                                                                             
                 D57 to K71 segment                                                 K71C                                                                                                            **[K72]{.ul}**                                                                                                                                                         1000-fold                                     Jiang et al., [@B30]
                                                                                    K69C                                                                                                            **[K70]{.ul}**                                                                                                                                                         Non-functional                                
                                                                                    E84C, Q138C                                                                                                     A90, R143                                                                                                                                                              Potentiation of ATP potency                   Jiang et al., [@B31]
                                                                                    E85C, F183C, F291C, A309C, Y310C, T184C, L306C                                                                  E85C, **F188, F299** G317, Y318 **[T189]{.ul}**, L314                                                                                                                  5--12-fold                                    
                                                                                    G139C, Y287C G141C, L186C                                                                                       **G144, Y295 G146**, [L191]{.ul}                                                                                                                                       Major decrease in ATP potency (\>25-fold)     
                                                                                    N288C, F289C, R290C                                                                                             **[N296]{.ul}**, F297, [R298]{.ul}                                                                                                                                                                                   
                                                                                    K69C, K71C, K308C                                                                                               **[K70]{.ul}**, [K72]{.ul}, [K316]{.ul}                                                                                                                                Non-functional                                
  hP2X3          Residues in nucleotide binding domains (NBD-1-4)                   F174A, K284A K65A, G66A T172A, N279A, F280A                                                                     [L191]{.ul}, K301 **[K72]{.ul}**, **G73 [T189]{.ul}**, **[N296]{.ul}**, **F297**                                                                                       Reduction of α,β-methylene potency            Bodnar et al., [@B6]
                                                                                    K63A, K176A, R281A, [R295A]{.ul}, [K299A]{.ul} K65A/G66A, F171A/T172A, N279A/F280A, F280A/R281A                 **[K70]{.ul}**, **[K193]{.ul}**, **[R298]{.ul}**, **R312**, **[K316K72]{.ul}**/**G73**, **F188**/**[T189]{.ul}**, **[N296]{.ul}**/**F297**, **F297**/**[R298]{.ul}**   Abolition of α,β-methylene-induced currents   
                 Conserved positively charged residues                              K65A                                                                                                            **[K72]{.ul}**                                                                                                                                                         12-fold (α,β-methylene potency)               Fischer et al., [@B23]
                                                                                    R281A                                                                                                           **[R298]{.ul}**                                                                                                                                                        60-fold                                       
                                                                                    K63A, K176A, R295A, K299A                                                                                       **[K70]{.ul}**, **[K193]{.ul}**, **R312**, **[K316]{.ul}**                                                                                                             Non-functional                                
  rP2X2/3        Positively charged residues                                        rP2X2 (K69A)                                                                                                    **[K70]{.ul}**                                                                                                                                                         Non-functional                                Wilkinson et al., [@B60]
                                                                                    rP2X2 (K308A)                                                                                                   **[K316]{.ul}**                                                                                                                                                                                                      
                                                                                    rP2X3 (K299A)                                                                                                   **[K316]{.ul}**                                                                                                                                                                                                      
                                                                                    rP2X3 (K63A)                                                                                                    **[K70]{.ul}, [K316]{.ul}**                                                                                                                                                                                          
                                                                                    rP2X2 (K69A + K308A)                                                                                            **[K70]{.ul}**, [K316]{.ul}                                                                                                                                            Functional receptor                           
                                                                                    rP2X2 (K69A) + rP2X3                                                                                            **[K70]{.ul}**                                                                                                                                                         No modification of α,β-methylene potency      
                                                                                    rP2X2 (K308A) + rP2X3                                                                                           **[K316]{.ul}**                                                                                                                                                        Slight decrease of α,β-methylene potency      
                                                                                    rP2X2 + rP2X3 (K63A)                                                                                            **[K70]{.ul}**                                                                                                                                                         Major decrease of α,β-methylene potency       
                                                                                    rP2X2 + rP2X3 (K299A)                                                                                           **[K316]{.ul}**                                                                                                                                                                                                      
                                                                                    rP2X2 (K69A + K308A) + rP2X3                                                                                    **[K70]{.ul}**, [K316]{.ul}                                                                                                                                                                                          
  rP2X4          Charged and aromatic residues                                      F294A                                                                                                           **F297**                                                                                                                                                               8-fold                                        Zemkova et al., [@B67]
                                                                                    F230A (but not F230W or F230Y), R278A (but not R278K), D280A (but not D280E)                                    F233 R281 D283                                                                                                                                                         Non-functional                                
                                                                                    K67A (and K67R), F185A (but not F185W), K190A (but not K190R), R295A (and R295K), K313A (and K313R)             **[K70]{.ul}**                                                                                                                                                                                                       
                                                                                    **F188**                                                                                                                                                                                                                                                                                                                             
                                                                                    [K193]{.ul}                                                                                                                                                                                                                                                                                                                          
                                                                                    **[R298]{.ul}**                                                                                                                                                                                                                                                                                                                      
                                                                                                                                                                                                    **[K316]{.ul}**                                                                                                                                                                                                      
                 K180 to K326 segment                                               R318A (but not R318K)                                                                                           R321                                                                                                                                                                   20-fold                                       Yan et al., [@B66]
                                                                                    K190A (but not K190R), F230A (but not F230W), R278A (but not R278K), D280A and D280Q (but not D280E)            **[K193]{.ul}** F233 R281 D283                                                                                                                                         \>1666-fold                                   
                 K313 to I333                                                       G316S                                                                                                           G319                                                                                                                                                                   9-fold                                        Yan et al., [@B65]
                                                                                    Y315A, G316A (but not G316P), R318A                                                                             Y318, G319 R321                                                                                                                                                        \>16-fold                                     
                                                                                    K313A                                                                                                           **[K316]{.ul}**                                                                                                                                                        10,000-fold                                   
                                                                                    K313R                                                                                                           **[K316]{.ul}**                                                                                                                                                        Major decrease (value not indicated)          
                                                                                    F185C                                                                                                           **F188**                                                                                                                                                               20-fold                                       Roberts et al., [@B48]
                                                                                    T186C                                                                                                           **[T189]{.ul}**                                                                                                                                                        50-fold                                       
                                                                                    K67C, K69C, [N293C]{.ul}                                                                                        **[K70]{.ul}**, [K72]{.ul}, **[N296]{.ul}**                                                                                                                            Major decrease in ATP potency                 
                                                                                    R295C, K313C                                                                                                    **[R298]{.ul}**, **[K316]{.ul}**                                                                                                                                                                                     
  hP2X7                                                                             K193A, K311A                                                                                                    **[K193]{.ul}**, **[K316]{.ul}**                                                                                                                                       Non-functional                                Worthington et al., [@B62]
  DdP2X                                                                             K67A                                                                                                            **[K72]{.ul}**                                                                                                                                                         \>10-fold                                     Fountain et al., [@B26]
                                                                                    K289A                                                                                                           **[K316]{.ul}**                                                                                                                                                        Major decrease                                
                                                                                    D330A                                                                                                                                                                                                                                                                                  Non-functional                                

The results have been classified according to an increasing rank of order of inhibition for the mutations indicated in each study.

For the corresponding residues in the zfP2X4 crystal structure:

− conserved residues are in bold;

− underlined residues have been identified to participate to the binding of ATP;

− normal characters indicate residues that are not conserved among species.

The modification of α,β-methylene potency is also indicated. Decrease of agonist potency not exceeding 5-fold has not been taken into account.

The lack of function of G250A-containing hP2X1 receptors most likely results from a failure in normal processing of the receptor (Digby et al., [@B15]). K307C-containing hP2X2 receptors were expressed at lower levels in cells (Roberts et al., [@B48]). R295A-, and K299A-containing hP2X3 receptors were expressed at lower levels in cells (Bodnar et al., [@B6]). F230A-containing rP2X4 receptors were expressed at lower levels (Zemkova et al., [@B67]). A reduction of trafficking of N293C-containing rP2X4 receptors to the cell surface has been proposed (Roberts et al., [@B48]).

Thiol-reactive methanethiosulfonate reagents such as (2-aminoethyl)methanethiosulfonate hydrobromide (MTSEA, positively charged compound) and sodium (2-sulfonatoethyl) methanethiosulfonate (MTSES, negatively charged compound) have proved very useful in examining the role of charges in the ATP-binding site (Jiang et al., [@B30]; Roberts and Evans, [@B52]; Roberts et al., [@B48], [@B53]). Indeed, this strategy is based on the fact that these compounds have the capacity to form disulfide bonds when amino acid residues are strategically substituted with cysteine; this procedure consequently modifies the recognition of ATP if the mutation is performed at crucial residues in the binding site. Interestingly, positively charged MTSEA introduces a positively charged side chain of similar length to that of lysine and thus helps to verify the critical role of positively charged residues in the recognition of the phosphate groups (Fountain and North, [@B25]). In this context, mutational studies and MTS reagents-based experiments have shown the importance of positively charged residues for ATP binding and action, in particular lysine residues of hP2X1, rP2X2, and rP2X4 corresponding to the residues K70, K72, K193, and K316 of zfP2X4 (Roberts and Evans, [@B52]; Roberts et al., [@B48], [@B53]; Allsopp et al., [@B2]).

In addition to lysine, numerous studies have also highlighted the major role of arginine residues in hP2X1, hP2X3, rP2X2, and rP2X4 receptors (all corresponding to R298 in zfP2X4, Table [1](#T1){ref-type="table"}) in agonist recognition by interaction with a phosphate group of ATP (Ennion et al., [@B18]; Jiang et al., [@B30]; Fischer et al., [@B23]; Zemkova et al., [@B67]). The contribution of this residue to the ligand binding site has also been confirmed using partial agonists such as 2\',3\'*-O*-(4-benzoyl)-ATP (BzATP) and P(1),P(5)-di(adenosine 5\')-pentaphosphate (Ap(5)A) in hP2X1 (Roberts and Evans, [@B49]). It is notable that a recent study in rP2X2 receptor has also indicated that a salt bridge between the residues R290 (R298 in zfP2X4) and E167 stabilized the closed state of the receptor and that, after spatial rearrangement and release of this electrostatic coupling, a new ionic interaction took place between R290 and ATP, contributing to the coordination of ATP in its binding site (Hausmann et al., [@B28]).

All these results have now been confirmed by the recent resolution of the structure of the ATP-bound zfP2X4 receptor (Figure [1](#F1){ref-type="fig"}) (Hattori and Gouaux, [@B27]). This study revealed how the positively charged residues K70, K72, K316, and R298 are critically involved in direct coordination of the ATP triphosphate tail, while K193 residue indirectly interacts with the α-phosphate group through a glycerol solvent molecule (used for crystallization purpose). It has been proposed that water molecules substitute glycerol under physiological conditions (Hattori and Gouaux, [@B27]) (Figure [1B](#F1){ref-type="fig"}). The X-ray structure also shows how the three phosphate groups of ATP interact with the positively charged residues, providing a plausible explanation of why ADP has almost no effect on the activation of P2X receptors (Hattori and Gouaux, [@B27]). Furthermore, it is noteworthy that K70 residue, for which it has been shown that alanine mutation induced the largest inhibitory effect on ATP potency (see Table [1](#T1){ref-type="table"}), occupies a very crucial position in ATP binding since it coordinates oxygen atoms of the α, β, and γ phosphate groups (Figure [1B](#F1){ref-type="fig"}). In addition, the X-ray structures of zfP2X4 definitively confirmed the intersubunit location of the ATP-binding site (Kawate et al., [@B37]; Hattori and Gouaux, [@B27]). The identification of the role of the conserved positively charged residues K68, K70, R292, and K309 (hP2X1 receptor) in ATP recognition initially led to the proposition that these residues, organized in two clusters, could form the ATP binding site by interacting either within a P2X receptor subunit or between adjacent subunits (Ennion et al., [@B18]). It was thereafter proposed that the heteromeric rP2X2/3 receptor was probably composed of one rP2X2 and two rP2X3 subunits and that the residues from two different subunits were able to interact in the ATP binding site (Wilkinson et al., [@B60]). Another decisive demonstration for the intersubunit position of the ATP binding site in P2X receptors came from the observation that the mutations K68C and F291C in rP2X1 (corresponding to K70 and F297 in zfP2X4 receptor, respectively) led to the formation of disulfide cross-link into trimers (Marquez-Klaka et al., [@B43]). In addition, it was shown that the disulfide bond formation between K68C and F291C was prevented in the presence of ATP (Marquez-Klaka et al., [@B43]). This study clearly demonstrated that residues from adjacent subunits contribute together to the formation of the ATP-binding site in P2X receptors.

It is assumed that ATP forms complexes with Mg^2+^ (Ashcroft and Gribble, [@B3]; Ennion et al., [@B20]; Li et al., [@B41]). For this reason, it has been postulated that the negatively charged amino acids of P2X receptors could contribute to the binding of ATP (Ennion et al., [@B20]). However, none of the mutations of the conserved negatively charged residues (aspartate and glutamate) had an effect on ATP potency, indicating that they are not involved in ATP recognition in hP2X1 (Ennion et al., [@B20]). In agreement, no negatively charged residues were found to interact directly with ATP in the crystal structure (Figure [1B](#F1){ref-type="fig"}). In addition, no Mg^2+^ ions were resolved near bound ATP, a result fully consistent with recent data showing that ATP^4−^ activates all subtypes of homomeric P2X receptors, whereas MgATP^2−^ activates only P2X1 and P2X3, but not P2X2 and P2X4 receptors (Li et al., [@B41]). Thus, ATP^4−^ seems to be the primary ionic form that activates P2X receptors.

Polar amino acids
-----------------

The possibility that conserved polar residues such as glutamine, asparagine, and threonine play a role in ATP recognition at the ATP binding site had also been investigated because they may form hydrogen bonds with ATP (Roberts and Evans, [@B51]). As shown in Table [1](#T1){ref-type="table"}, only mutations of residues corresponding to T189 and N296 (zfP2X4 numbering) had a significant effect on ATP potency. The residue T189 is in part responsible for the coordination of the adenine moiety of ATP whereas N296 participates to the coordination of the β --phosphate groups (Figure [1B](#F1){ref-type="fig"}) (Hattori and Gouaux, [@B27]). It must be noticed that the mutations with alanine at the residues corresponding to T189 and N296 in zfP2X4 had already been shown to significantly reduce ATP potency in rP2X2 receptors (see Table [1](#T1){ref-type="table"}) (Jiang et al., [@B30]).

Aromatic amino acids
--------------------

The fact that aromatic residues have been identified to play key roles in the coordination of ATP in other ATP-binding proteins stimulated the investigation of alanine-based substitution of conserved extracellular aromatic amino acids in P2X receptors (Roberts and Evans, [@B49]). It was concluded that the residues corresponding to F188 and F297 (zfP2X4 numbering) are involved in the coordination of ATP (see Table [1](#T1){ref-type="table"}) whereas the substitutions of both tryptophan and tyrosine residues had no effect (Roberts and Evans, [@B49]). It is noteworthy that the residue F297 belongs to the highly conserved NFR sequence in which the two conserved amino acids (N296 and R298 in zfP2X4) participate to the coordination of the β- and γ-phosphate groups of ATP, respectively (Hattori and Gouaux, [@B27]). However, the crystal structure revealed that the side chain of F297 does not interact directly with ATP, but it may help to contribute to the general shape of the binding site. Altogether, these data confirm the importance of the NFR sequence in ATP binding (Jiang et al., [@B30], [@B31]; Roberts and Evans, [@B49], [@B51], [@B52]; Fischer et al., [@B23]; Marquez-Klaka et al., [@B43]; Zemkova et al., [@B67]; Roberts et al., [@B48]; Bodnar et al., [@B6]). Furthermore, as determined in rP2X1 receptors, the residue F291 (F297 in zfP2X4) contributes to the formation of the ATP binding site between neighboring subunits in P2X receptors (Marquez-Klaka et al., [@B43]). The mutation of the surrounding amino acids (F289A and F293A) had, however, no effect suggesting that only the conserved NFR sequence has importance in this region (Roberts and Evans, [@B49]).

Another region between residues F185 and K190 in hP2X1 (region F188-K193 in zfP2X4) has also been indicated to contribute to the effect of ATP (Roberts and Evans, [@B49]). Indeed, at the neighboring position to residue T186 of hP2X1 (T189 in zfP2X4), F185 (F188 in zfP2X4) has been shown to participate to agonist-evoked conformational change of the receptor as determined with MTS experiments (Roberts et al., [@B53]) but this residue does not directly interact with ATP according to the crystal structure (Hattori and Gouaux, [@B27]).

The particular position of the two phenylalanine residues probably explains the important alteration of ATP potency after their substitution as it is estimated that adjacent residues are also involved in the control of ATP binding (Bodnar et al., [@B6]).

Glycine, proline, and cysteine residues
---------------------------------------

The small and achiral amino acid glycine commonly confers flexibility to protein structures. In addition, in P2X receptors the possibility that the GGxxG motif (residues 250--254 in hP2X1 numbering) participates in ATP binding was investigated because it has similarities to the conserved GxGxxG motif found in around 95% of human protein kinases and nucleotide-binding proteins (Spitaler et al., [@B56]; Digby et al., [@B15]). Studies designed to investigate the putative role of these conserved glycine residues in the extracellular loop concluded that these amino acids do not participate to the ATP-binding site in hP2X1 (Ennion and Evans, [@B19]; Digby et al., [@B15]; Roberts and Evans, [@B50]). Interestingly, mutation of the glycine residue corresponding to G253 (zfP2X4 numbering) induces the formation of non-functional hP2X1 and rP2X2 receptors (Nakazawa and Ohno, [@B46]; Digby et al., [@B15]). These results can be explained by the fact that the mutation induces a defect in the level of expression of the receptor at the cell surface (Digby et al., [@B15]).

Proline residues have been proposed to play a major role in the secondary structure of proteins (Brandl and Deber, [@B7]; Yamaguchi et al., [@B63]; Sansom and Weinstein, [@B55]; Labro et al., [@B39]; Roberts and Evans, [@B50]). The alanine-based substitutions of proline residues of the extracellular loop of hP2X1 had only negligible effects on ATP potency indicating that these residues are not involved in the ATP-binding site (Roberts and Evans, [@B50]). Nevertheless, mutations at P272 in hP2X1 produced variable effects on ATP-potency depending on the nature of the residue used for the substitution suggesting that the effect of ATP is possibly sensitive to the variation of conformation in this region of the receptor (Roberts and Evans, [@B50]). Because this residue is localized at around 18 Å from the ATP-binding site, it can be postulated that it is more probably involved in the gating of the pore (Figure [2](#F2){ref-type="fig"}).

![**Mapping in the zfP2X4 receptor of residues identified by site-directed mutagenesis**. Corresponding residues (indicated in red spheres) previously identified by site-directed mutagenesis in different P2X receptor subtypes (see Table [1](#T1){ref-type="table"}) are mapped on the crystal structure of the zfP2X4 receptor. The ATP molecule is shown in stick representation. Note that only few residues contact (in orange) the ATP molecule. Oxygen, nitrogen, and sulfur atoms are colored, respectively, in light red, blue, and yellow. Hidden residues are indicated in magenta.](fncel-07-00273-g0002){#F2}

Ten conserved cysteine residues are present that can form disulfide bonds in the extracellular loop of P2X receptors; their alanine-based substitution had some effects on ATP potency and the mutations at positions homologous to the residue C230 (zfP2X4 numbering) considerably reduced ATP-induced responses (Clyne et al., [@B12]; Ennion and Evans, [@B19]). The crystal structure confirmed that the two residues C220 and C230 form a disulfide bond, which rigidifies the dorsal fin, a critical component of the ATP-binding site (Figure [2](#F2){ref-type="fig"}).

Groups of amino acids organized in nucleotide binding domains
-------------------------------------------------------------

The alanine-based substitution of residues from four defined nucleotide binding domains of hP2X3 has indicated that the mutation of residues adjacent to identified amino acids, which are crucial for agonist response (i.e., lysine, asparagine, threonine), induced further alterations of agonist potency, in this case α,β-methylene ATP (see Table [1](#T1){ref-type="table"}) (Bodnar et al., [@B6]). Indeed, the double mutants K65A/G66A, F171A/T172A, N279A/F280A, and F280A/R281A (K72/G73, F188/T189, N296/F297, and F297/R298 in zfP2X4 receptor, respectively) were all insensitive to α,β-methylene ATP, in contrast to the single mutants which were responsive to the agonist (Bodnar et al., [@B6]). These results have led to the concept that groups of amino acids, rather than individual amino acids, are responsible for the recognition of ATP (Bodnar et al., [@B6]). The nucleotide binding domains overlap the essential residues for ATP binding, as determined from the X-ray structure of ATP-bound zfP2X4 receptor (Figure [2](#F2){ref-type="fig"}).

With the characterization of hundreds of alanine and cysteine mutants in the extracellular domain of P2X receptors, it was found that several mutations induced a decrease in ATP potency and were found close to the ATP molecule. However, among these mutations, only some (less than ten) correspond to crucial residues directly involved in ATP binding (Figure [2](#F2){ref-type="fig"}). In an MTS-based study, it was postulated that non-conserved residues play a regulatory role in the effect of ATP (Roberts et al., [@B48]). The participation of several non-conserved residues in ATP recognition was revealed by the crystal structure of the ATP-bound zfP2X4 receptor (Hattori and Gouaux, [@B27]). However, to our knowledge, the mutation-based analysis failed to determine two residues i.e., I232 and L217 (zfP2X4 numbering) which are involved, respectively, in the recognition of the adenine base and ribose ring of ATP (Figure [1B](#F1){ref-type="fig"}). In addition, the main limitation of site-directed mutagenesis was the difficulty to distinguish clearly the direct modification of ATP binding from alterations in channel gating, which can also lead to a loss of function (Colquhoun, [@B14]). Indeed, ATP potency is dependent upon both the affinity and gating. The mutations of residues which do not participate in ATP recognition in the binding site can, however, lead to changes in ATP potency because these residues are able to induce conformational alterations associated with gating of the pore in response to ATP binding (Evans, [@B22]). For this reason, complementary methods have been employed to distinguish clearly residues participating in the ATP-binding site from those involved in gating. In this context, allosteric reporter mutations in combination with single-channel recordings, cysteine-reactive chemicals as well as ATP-derivatives with photosensitive or cysteine-reactive moieties have been used to explore the putative residues involved in the coordination of both the negatively charged phosphate groups and the adenine ring of ATP. Altogether, these investigations provided new insights into the understanding of the mechanism of ATP-binding.

Additional methods for the investigation of the ATP-binding site
================================================================

Allosteric reporter mutations
-----------------------------

The first evidence distinguishing ATP binding from gating in P2X receptors was provided by Cao et al. ([@B11a]), where the authors combined single-channel recordings and the use of a mutated receptor considered as an "allosteric reporter." They took advantage of the fact that the deep pore mutation T339S in the P2X2 receptor produced spontaneous openings of the channel in the absence of agonist. This mutation most likely modifies the allosteric equilibrium between the closed and open states, and thus reports gating properties. Introducing the K69A or K308A mutation into the T339S background, the authors showed that K308A mutation alters considerably the spontaneous channel openings and consequently the gating properties of the receptor, whereas the nearby K69A mutation leaves these spontaneous activities unaffected (Cao et al., [@B11a]). Given the fact that both mutations do not respond to ATP, these elegant experiments identified K69 as a critical residue for direct recognition of ATP and K308 as important one for channel gating, in addition to its contribution to the binding site. As stated above, the crystal structure definitively confirmed the particular location of K69 (K70 in zfP2X4) in coordination of the phosphate tail, thus validating such a "genetic" approach, which can be applied to other ion channels.

Strategy of site-directed affinity labeling
-------------------------------------------

In the attempt to precisely localize the ATP-binding site, a "chemical" strategy has been developed which consists of site-directed affinity labeling to create covalent bonds between a synthesized ATP-derived thiol-reactive rP2X2 agonist, 8-thiocyano-ATP (NCS-ATP), and single cysteine mutants engineered in the putative binding cavities of the rP2X2 receptor (Figure [3A](#F3){ref-type="fig"}) (Foucaud et al., [@B24]; Jiang et al., [@B31]). The 26 residues to be substituted were chosen on the basis of rP2X2 homology model because they protrude in the binding cavity (Jiang et al., [@B32]). By combining whole-cell and single-channel recordings, it was shown that NCS-ATP labeled only two cysteine mutants, N140C and L186C, which are separated by about 18 Å in the closed state of the receptor. While irreversible binding at N140C decreased both ATP efficacy and open probability (NP*~o~*) of ATP-activated rP2X2 receptors, labeling of L186C induced a potentiation of the ATP responses (Jiang et al., [@B31]). It was proposed that the potentiating effect would occur only at one or two of the three binding pockets per receptor, producing strong cooperativity for further ATP binding (Jiang et al., [@B31]). Considering all these results, models were constructed in which the residues previously identified by site-directed mutagenesis to be crucial for ATP recognition (see previous chapter) appeared in close proximity to docked NCS-ATP (Jiang et al., [@B31]). From this work, it was concluded that the inter-subunit cavities found in the closed X-ray structure of zfP2X4 (Kawate et al., [@B37]) correspond to the ATP-binding sites and that this strategy has helped define the involvement of two non-conserved residues, N140 and L186 in the coordination of the adenine ring of ATP (Jiang et al., [@B31]) (Figure [3B](#F3){ref-type="fig"}). The ATP-bound crystal structure of zfP2X4 confirms the close proximity (4.3 Å) of L191 (L186 in rP2X2) to the ATP site and shows that this residue is indeed involved in hydrophobic interactions with the adenine base of ATP (Figure [3C](#F3){ref-type="fig"}) (Hattori and Gouaux, [@B27]). However, it is surprising to note that the other NCS-ATP labeled residue, N140, (corresponding to D145 in zfP2X4) is located at \~14 Å from position 8 of the adenine ring of ATP (Figure [3C](#F3){ref-type="fig"}). Interestingly, this residue is close to the region that accommodates NF770, a suramin derivative that is the most potent P2X2 receptor antagonist described so far (Wolf et al., [@B61]). Thus, an attractive hypothesis that deserves further experiments is that the N140-containing region contributes, in part, to the competitive antagonist binding site.

![**Alternative methods to identify residues involved in the ATP-binding of P2X receptors. (A)** Principle of engineered affinity labeling strategy. Chemical structures of the affinity label NCS-ATP and cysteine are shown. **(B)** Sequence alignment of identified segments containing NCS-ATP-labeled residues in the P2X2 receptor (N140 and L186). **(C)** Spatial location of the corresponding labeled residues in the X-ray structure of the ATP-bound zfP2X4 receptor.](fncel-07-00273-g0003){#F3}

Site-directed fluorescence labeling and voltage-clamp fluorometry
-----------------------------------------------------------------

Another approach is the use of fluorescent strategies. Tetramethyl-Rhodamine-Maleimide (TMRM), a sulfhydryl-reactive fluorescent dye on cysteine mutants, has the capacity to label cysteine-substituted residues that are accessible to the solvent (Lorinczi et al., [@B42]). The simultaneous measurement of ionic currents and fluorescence by voltage-clamp fluorometry, after site-directed fluorescence labeling, allowed to resolve ligand interactions and structural modifications which are associated with the conformational transitions of channels (Lorinczi et al., [@B42]). The effect of systematic substitution with cysteine residues in the cysteine-rich head domain of rP2X1 (A118 to I125) was examined because this region projects over the proposed ATP binding site (Kawate et al., [@B37]; Lorinczi et al., [@B42]). This work provided evidence that TMRM tethered to E122C reports 2\',3\'-*O*-(4-benzoylbenzoyl)-ATP (Bz-ATP) binding, most probably by sensing Bz moiety of the ligand (Lorinczi et al., [@B42]). Because E122 is not aligned with a defined zfP2X4 residue (Hattori and Gouaux, [@B27]), it would correspond to a region close to P123 in zfP2X4. Of note, the ATP-bound crystal structure shows that the solvent-exposed oxygen atoms 2\' et 3\' of the ribose point toward P123, a fact that is fully consistent with the hypothesis that tethered TMRM interacts directly with bound Bz-ATP (Figure [3C](#F3){ref-type="fig"}).

Photoaffinity labeling experiments
----------------------------------

Photoaffinity labeling is a powerful technique that is used extensively in other ligand-gated ion channel studies to probe important binding sites (Lemoine et al., [@B40]). At P2X receptors, the UV light-reactive ATP analog, ^32^P-2-azido ATP was employed to assess the effects of mutations of various residues on agonist binding (Roberts and Evans, [@B52]; Agboh et al., [@B1]; Roberts et al., [@B53]; Allsopp et al., [@B2]). The fact that photoincorporation of radiolabeled 2-azido ATP is reduced following mutations has contributed toward ascertaning the participation of residues K68, K70, K190, K309, and T186 to the coordination of ATP in the binding site of hP2X1 receptor (Roberts and Evans, [@B52]; Roberts et al., [@B53]; Allsopp et al., [@B2]). More recently, the partial agonist BzATP has been covalently incorporated by UV light into P2X receptors to investigate the relationship between ligand occupancy and channel gating (Bhargava et al., [@B4]; Browne and North, [@B9]). Although these studies did not identify labeled residues, they provided valuable information on the mechanism of ATP binding.

X-ray cristallography: the confirmation of functional and biochemical studies
-----------------------------------------------------------------------------

As previously indicated, the recent determination of X-ray structures of the zfP2X4 receptor (Kawate et al., [@B37]; Hattori and Gouaux, [@B27]) resolved in two states, the resting closed and open channel states, finally provided an unprecedented information not only regarding the three-dimensional shape of the receptor, but also on putative conformational modifications that couple ATP binding to channel opening. These data also provide a structural template for interpreting the huge amount of functional, mutagenesis, and biochemical data. In particular, as already reviewed, many key features of the binding site, including its interfacial location and ATP orientation as well as the identity of residues involved in ATP recognition, had been successfully anticipated from the biochemical and functional methods. These structural data thus represent a firm basis for understanding the mechanism by which agonists induce the opening of the ion channel.

Coupling ATP binding to channel gating
======================================

Three ATP molecules bound to the trimeric receptor were resolved in the crystal structure (Hattori and Gouaux, [@B27]). Given that crystal structures represent snapshots among the multiple conformational states, this raises the question of whether P2X receptor channel opening involves the occupancy of one, two, or three binding sites. Early work based on single-channel recordings suggested that channel activation proceeds through three ATP binding steps before opening and partially liganded channels do not appear to open (Ding and Sachs, [@B16]). Thus, channels only open after being fully liganded. However, more recent studies using concatenated subunits or kinetic models suggest that two ATP molecules are sufficient to activate P2X receptors (Yan et al., [@B64]; Stelmashenko et al., [@B57]). This conclusion supports previous study suggesting that heteromeric P2X2/3 receptors are also activated by fewer than three agonist molecules (in this case αβ-methylene-5\'-ATP) (Jiang et al., [@B29]). Interestingly, there is now evidence that occupancy of one binding site of P2X2 receptors does not produce detectable openings, but a conformational change that is spread to the second and third binding sites leading eventually to channel gating (Ding and Sachs, [@B16]; Jiang et al., [@B31], [@B35]; Browne et al., [@B8]). A functional significance of these results is that binding of the second and third ligand is strongly influenced by the binding of the first ligand revealing positive cooperativity.

The conformational change that follows binding of the first ligand suggests the existence of a transient, intermediate or primed closed state that precedes channel activation (Moffatt and Hume, [@B44]; Jiang et al., [@B35]; Browne and North, [@B9]). The physiological relevance of this intermediate state is unclear, however, the fact that pyrimidine and diphosphate nucleotide analogs, which are not effective at P2X receptors, become effective following binding of a low concentration of ATP implied that mixtures of nucleotides present in the extracellular milieu of the nervous system may have functional roles (Browne and North, [@B9]).

The ATP binding site is \~40 Å from the membrane-spanning segments, which constitute the ionic pore of P2X receptors. The recent ATP-bound crystal structure, and previous studies utilizing normal mode analysis (Du et al., [@B17]; Jiang et al., [@B34]), metal-bridging experiments (Jiang et al., [@B34]), electron microscopy (Roberts et al., [@B47]), and voltage-clamp fluorometry (Lorinczi et al., [@B42]), have now revealed a plausible activation mechanism that can be dissected into five steps (Figure [4](#F4){ref-type="fig"}): binding of ATP^4−^ (Li et al., [@B41]) to a pocket located at the interface between each subunit (first step) leads to the tightening of the head domain relative to the dorsal fin (second step). Because the ribose and adenine base interact hydrophobically with L217 and I232 (chain B), which are part of the dorsal fin, closure of the binding "jaw" induces the upward movement of the dorsal fin. Subsequently, the lower body, which is structurally coupled to the dorsal fin moves outward (third step), causing large expansion of the three lateral portals defined as "fenestrations" (fourth step). Finally, because the rigid β-sheet-folded lower body domain is directly coupled to the transmembrane helices 1 and 2, its outward flexing movement directly promotes channel gating by inducing the helices to expand the pore by \~3 Å (fifth step). This widening allows ions to cross the channel.

![**Plausible mechanism of ATP-gated P2X receptors activation**. The sequential steps leading to pore opening are indicated.](fncel-07-00273-g0004){#F4}

In this mechanism, major conformational changes take place at the subunit interface. Early studies have successfully anticipated the importance of these boundary contacts (Jiang et al., [@B29], [@B32]; Nagaya et al., [@B45]; Marquez-Klaka et al., [@B43]), by restricting the relative movement of adjacent subunits by engineered disulfide bonds \[for review see Jiang et al. ([@B33])\]. These interfaces may be interesting targets for allosteric regulation of P2X receptors.

Concluding remarks
==================

Extensive experimental works, including mutagenesis coupled to functional essays, engineered site-directed chemical labeling, fluorescence measurements, and resolution of the ATP-bound crystal structure, have provided a more precise vision of the ATP binding process and channel gating. This is probably a crucial step for the design of new competitive antagonists with therapeutic properties. Molecules that can selectively modulate P2X receptors are needed because these receptors are involved in major neurological disorders. However, upon examining the ATP-binding site of P2X receptors, it seems that an apparent conserved nature of the orthosteric sites may pose some difficulties to achieve strong subtype selectivity. The search for allosteric modulators would provide an alternative issue to this challenge.
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